Introduction
Indole derivatives have attracted considerable attention in medicinal chemistry because of their pharmacological activities (1, 2) . During drug design, substituted indoles are considered a "privileged scaffold" for numerous pharmacologically active lead compounds because of their substantial affinity for many receptors (3, 4) . Isatin (indoline-2, 3-dione, 1, Figure 1 ), one of the simplest indole derivatives, has led to numerous analogues with a wide range of biological properties, including anti-cancer activity (5) (6) (7) (8) (9) . Indirubin (2, Figure 1 ), the active ingredient in the traditional Chinese medicine preparation Danggui Longhui Wan used to treat myelocytic leukemia, is reported to have antiproliferative action against human cancer cells by inhibiting the genes or proteins that regulate cell cycle progression; indirubin arrests the G2/M phase, although its mechanism of action in cells is not fully understood (10) . Inhibited growth induced by indirubin-3-oxime (3, Figure 1 ) is associated with induction of cyclindependent kinase inhibitor p21, inhibition of cyclin D1, and activation of caspase-3 (11) . Indirubin derivatives are reported to inhibit signal transducer and activator of transcription 3 (Stat3) signaling and induce apoptosis in human cancer cells (12) . Indoline-2,3-dione might be used as a privileged scaffold to design a variety of therapeutic molecules, and many indoline-2,3-dione derivatives have been studied as antitumor agents (13) (14) (15) (16) (17) (18) . Among the reported indoline-2,3-dione derivatives, 5,7-dibromo-1-(naphthalen-1-yl methyl)indoline-2,3-dione (4, Figure 1 ) has potent anti-tumor properties with an IC 50 value of 0.19 mM against human monocytelike histiocytic lymphoma (U937) cells (19) . Thus, the current study introduced different substituents at the N-1 and C-5 positions on the indoline-2,3-dione ring in order to synthesize a series of novel 1,5-disubstituted indoline-2,3-diones and evaluate their antiproliferative activity on HL-60 human leukemia cells.
Materials and Methods

Chemistry
The synthesis of target compounds is shown in Diagram 1. The starting material, indolin-2,3-dione (1) was purchased from Aladdin Industrial Corporation, Shanghai, China. Intermediate 5 was produced from compound 1 using fuming nitric acid as a nitrating agent and sulfuric acid as a solvent. Intermediate 6 was prepared by treating 5 with 2,2-dimethylpropane-1,3-diol with catalysis by p-toluenesulfonic acid. The key intermediate 7 was obtained from 6 that had reacted with 2-chloro-N-(4-fluorobenzyl) acetamide (or benzyl chloride) under alkaline conditions via electrophilic substitution. With Pd/C (10%, w/w) as the catalyst, the nitro group in intermediate 7 was converted to an amino group by hydrogenation. The resulting compound was allowed to react with acyl chloride in the presence of anhydrous potassium carbonate to yield acylated products, and then the acylated products were converted to target compound 8 by deprotection under acidic conditions.
Cell line
Human acute promyelocytic leukemia (HL-60) cells (obtained from the American Type Culture Collection) were cultured in RPMI 1640 medium. The medium consisted of 10% heat-inactivated fetal bovine serum (FBS) (Gibco ® , Invitrogen, Carlsbad, CA, USA), 100 IU/mL penicillin, 100 μg/mL streptomycin, and 1 mmol/L L-glutamine. Cells were incubated in a humid atmosphere of 5% CO 2 at 37°C.
Cell viability assay using the trypan blue exclusion method
Trypan blue was ground with a small amount of distilled water, diluted with double-distilled water to 4%, fi ltered, and then stored at 37°C. The stock solution was diluted to 0.4% with PBS when used. HL-60 cells (1 × 10 5 /mL) were seeded in 12-well plates with a volume of 2 mL in each well. A single cell suspension was prepared after incubation with different concentrations of target compounds. The single cell suspension (50 mL) and the trypan blue solution (0.4 %, 50 mL) were mixed well and observed for up to 3 min under a microscope. Dead cells stained blue while living cells did not. The numbers of dead cells and living cells were calculated with a hemocytometer and cell viability was expressed as the percentage of viable cells.
Results and Discussion
The extent to which compounds 8a-8p inhibited HL-60 cell growth was measured and results are shown in Table 1 . ) (8a-8g) had greater inhibition than those with an aliphatic group (8h and 8i). When R 1 was a benzyl group at the N-1 position, compounds with either an aryl group (8k-8n) or an aliphatic group (8o-8p) had antiproliferative activity with IC 50 values of less than 1.1 μM. Among compounds 8k-8p that have a benzyl group at the N-1 position on the indolin-2,3-dione ring, 8l with a phenyl acetamide group at the C-5 position inhibited HL-60 cell growth the most with an IC 50 value of 0.07 μM. The next most potent inhibitor of growth was 8p, which had an IC 50 value of 0.14 μM and a cyclopropane carboxamide group at the C-5 position.
In conclusion, sixteen 1,5-disubstituted indolin-2,3-diones were synthesized and their inhibition of HL-60 cell growth was evaluated. Findings indicated that compounds with a benzyl substituent at the N-1 position on the indolin-2,3-dione ring had more potent inhibition of HL-60 cell growth than those with a 4-fl uorobenzylamino-2-oxoethyl substituent at the N-1 position. Among the compounds with a benzyl substituent group at the N-1 position, the most potent inhibitors of HL-60 cell growth were compound 8l, which had a phenyl acetamide group at the C-5 position, and compound 8p, which had a cyclopropane carboxamide group at the C-5 position. The mechanisms by which these compounds inhibited growth are being investigated. 
Appendix
Proton nuclear magnetic resonance ( 1 H-NMR) spectra and carbon nuclear magnetic resonance ( 13 C-NMR) spectra were determined with a Bruker Avance ATC600 instrument at 600 MHz with tetramethylsilane (TMS) as the internal standard. The chemical shifts (δ) were reported in parts per million (ppm) and were relative to the central peak of the solvent, which was DMSO-d 6 or CDCl 3 . Coupling constants (J) are given in Hz. . Mass spectra (MS) were measured with an API 4000, and high resolution mass (HRMS) spectra were recorded with an LTQ Orbitrap mass spectrometer. The melting points were determined with a Büchi capillary melting point apparatus and are uncorrected. Unless otherwise noted, all materials were obtained from commercial suppliers and were used without further purifi cation.
Procedure for preparation of intermediate 5
Fuming nitric acid (3.0 mL, 0.065 mol) was added dropwise to a solution of indoline-2,3-dione (7.35g, 0.05 mol) in sulfuric acid (50 mL) under 0°C. The mixture was stirred for 1 h at 0°C and then slowly poured into 500 mL of crushed ice. The precipitate was fi ltered, washed three times with water, and then dried to yield intermediate 5.
5-nitroindoline-2,3-dione (5).
Yield: 78%; light yellow power; mp: 257.8-258.5°C. 
Procedure for preparation of intermediate 6
5-nitroindoline-2,3-dione (3.5 g, 0.018 mol), p-toluenesulfonic acid (0.4 g), and neopentyl glycol (3.8 g, 0.018 mol) were successively added and dissolved in cyclohexane (80 mL). The mixture was heated to 80°C for 14 h. The reaction mixture was cooled to room temperature and then fi ltered. The precipitate was sequentially washed with saturated sodium carbonate solution and water and then further purifi ed by column chromatography with petroleum ether/ethyl acetate (6:1 to 3:1) to yield intermediate 6. 
5,5-Dimethyl-5'-nitrospiro[[1,3]dioxane-2,3'-indolin]-2'-one (6)
.
General procedure for preparation of intermediate 7
2-Chloro-N-(4-fluorobenzyl) acetamide or benzyl chloride (4.3 mmol) was added to a solution of intermediate 6 (1.0 g, 3.6 mmol) and anhydrous potassium carbonate (1 g, 7.2 mmol) in dried dimethylformamide (10 mL). The mixture was heated to 85°C for 40 min and then cooled to room temperature. The reaction mixture was poured into ice water (100 mL) and a precipitate was produced. The precipitate was then filtered, washed with water, and further purified by column chromatography with petroleum ether/ ethyl acetate (6:1 to 1:1) to yield 7.
2-(5,5-Dimethyl-5'-nitro-2'-oxospiro[[1,3]dioxane-2,3'-indolin]-1'-yl)-N-(4-fluorobenzyl)acetamide (7a).
Yield: 75%; white solid; mp: 231.9-232.1°C. 
1'-benzyl-5,5-dimethyl-5'-nitrospiro[[1,3]dioxane-2,3'-indolin]-2'-one (7b)
General procedure for preparation of compound 8
Intermediate 7 (2.26 mmol) and 10 % Pd/C (0.4g, 10%) were added to 50 mL of distilled ethyl acetate. The mixture reacted with hydrogen for 4 h at room temperature and then the reaction mixture was fi ltered. Anhydrous potassium carbonate (0.34 g, 2.5 mmol) was added to the filtrate, and then acyl chloride (2.5 mmol) was added dropwise at 0°C. After the resulting solution was stirred for 2 h at room temperature, the mixture was filtered. The organic phase was washed successively with 5% sodium hydroxide (3 × 15mL), 3% hydrochloric acid (3 × 15mL), and saturated brine (3 × 15 mL) and then evaporated in a vacuum to yield a white solid., Glacial acetic acid (63 mL) and hydrochloric acid (7 mL) were added to the solid. The mixture was stirred overnight at 30°C and then poured into distilled water (50 mL), and a precipitate was produced. The precipitate was fi ltered and purifi ed by recrystallization in 95% ethanol to yield compound 8. 
N-(1-(2-(4-Fluorobenzylamino)-2-oxoethyl)-2,3-dioxoindolin-5-yl)benzamide (8a)
